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(54) SEMICONDUCTOR DEVICE AND ITS MANUFACTURING METHOD 



(57) In a fabrication method of a semiconductor de- 
vice including a plurality of silicon-based transistors or 
capacitors, there exist hydrogen at least in a part of a 
silicon surface in advance, and the hydrogen is removed 
by exposing the silicon surface to a first inert gas plas- 



ma. Thereafter, plasma is generated by a mixed gas of 
a second inert gas and one or more gaseous molecules, 
and a silicon compound layer containing at least a part 
of the elements constituting the gaseous molecules is 
formed on the surface of the silicon gas. 
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Description 
TECHNICAL FIELD 

[0001] The present invention relates to a semiconduc- 5 
tor device in which an oxide film, a nitride film, an oxyni- 
tride film, or the like, is formed on a silicon semiconduc- 
tor, and the fabrication method thereof. 

BACKGROUND ART 

[0002] The gate insulation film of a MIS (metal/insu- 
lator/silicon) transistor is required to have various high- 
performance electric properties and high reliability char- 
acteristics, such as low leakage current characteristics, 
low interface state density, high breakdown voltage, 
high resistance against hot carriers, and uniform thresh- 
old voltage characteristics. 

[0003] The thermal oxidation technology using oxy- 
gen molecules or water molecules at approximately 800 
°C or more has been used conventionally as the forma- 
tion technology of the gate insulation film that satisfies 
the above requirements. 

[0004] A thermal oxidation process has been con- 
ducted conventionally after conducting a cleaning proc- 
ess of removing surface contaminants, such as organic 
materials, metals, and particles, as a preprocessing 
process. In such a conventional cleaning process, 
cleaning using a diluted hydrofluoric acid or hydrogen- 
ated water, for example, is performed at last, for termi- 
nating the dangling bonds existing on the silicon surface 
by hydrogen. Thereby, formation of a native oxide film 
on the silicon surface is suppressed, and the silicon sub- 
strate thus having a clean surface is forwarded to the 
following thermal oxidation process. In the thermal oxi- 
dation process, the terminated hydrogen at the surface 
undergoes decoupling during the process of raising the 
temperature of the silicon substrate in an inert gas at- 
mosphere of argon (Ar), for example at a temperature 
equal to or more than 600 °C, approximately. Then, ox- 
idization of the silicon surface is conducted at approxi- 
mately 800 °C or more in an atmosphere to which oxy- 
gen molecules or water molecules are introduced. 
[0005] Conventionally, in a case where a silicon oxide 
film is formed on the silicon surface by using such a ther- 
mal oxidization technique, satisfactory oxide film/silicon 
interface characteristics, high breakdown voltage of the 
oxide film, leakage current characteristics, and the like, 
are achieved only in the case where a silicon surface 
having the (100) orientation is used. Further, remarkable 
degradation of leak current occurs in the case where the 
thickness of the silicon oxide film formed by the conven- 
tional thermal oxidation process is reduced to approxi- 
mately 2 nm or less. Thus, it has been difficult to realize 
a high-performance miniaturized transistor that requires 
decrease of the gate insulation film thickness. 
[0006] Further, in a crystal silicon having a surface ori- 
entation other than the (100) orientation or a polycrys- 



talline silicon generally having a primarily (111 )-oriented 
surface on an insulation film, interface state density at 
the oxide film/silicon interface is remarkably high as 
compared with the silicon oxide film formed on the ( 1 00)- 
oriented silicon even when the silicon oxide film is 
formed by using the thermal oxidation technology. Thus, 
a silicon oxide film having a reduced film thickness pos- 
sesses poor electric properties in terms of breakdown 
characteristics, leakage current characteristics, and the 
like. Hence, there has been a need of increasing the film 
thickness of the silicon oxide film when using such a sil- 
icon oxide film. 

[0007] Meanwhile, the use of large-diameter silicon 
wafer substrate or large-area glass substrate is increas- 
ing these days for improving the efficiency of semicon- 
ductor device production. In order to form transistors on 
the entire surface of such a large-size substrate with uni- 
form characteristics and with high throughput, an . insu- 
lation film forming process conducted at a low temper- 
ature so as to decrease the magnitude of the tempera- 
ture change in heating or cooling and, further, having 
small temperature dependence is required. In the con- 
ventional thermal oxidation process, there has been a 
large fluctuation of oxidation reaction rate with respect 
to temperature fluctuation, and it has been difficult to 
produce semiconductor devices with high throughput 
while using a large-area substrate. 
[0008] In order to solve these problems associated 
with the conventional thermal oxidation technology, mul- 
titudes of low-temperature film formation processes 
have been attempted. Among others, the technology 
disclosed in Japanese Laid-Open Patent Publication 
No. 11-279773 or the technology disclosed in Technical 
Digest of International Electron Devices Meeting, 1999, 
pp. 249-252, or in 2000 Symposium on VLSI Technology 
Digest of Technical Papers, pp.76- 177, describes a 
process in which an inert gas is introduced into plasma 
together with gaseous oxygen molecules, thereby effec- 
tively causing the inert gas having a large metastable 
level to conduct the atomization of the oxygen mole- 
cules. Hence, relatively good electronic properties are 
achieved. 

[0009] In these technologies, a microwave is irradiat- 
ed to the mixed gas formed of krypton (Kr) that is an 
inert gas and an oxygen (0 2 gas, the mixed plasma of 
Kr and 0 2 is generated, and a large amount of atomic 
state oxygen O* are formed. Then, the oxidation of sili- 
con is conducted at a temperature of about 400° C, and 
low leakage current characteristics, low interface state 
density, and high breakdown voltage comparable to 
those of the conventional thermal oxidation are 
achieved. Further, according to this oxidation technolo- 
gy, a high-quality oxide film is obtained also on the sili- 
con surface having a surface orientation other than the 
(100) surface. 

[0010] However, in such a conventional silicon oxide 
film formation technology using the microwave-excited 
plasma, in spite of the fact that the oxidation is conduct- 
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ed by using atomic state oxygen O*. only a silicon oxide 
film having electric properties comparable to those ob- 
tained by the conventional thermal oxidation process 
that uses oxygen molecules or water molecules is ob- 
tained. Particularly, it has been impossible to obtain the 
good low leakage current characteristics in the silicon 
oxide film having a thickness of approximately 2 nm or 
less on the silicon substrate surface. Thus, it has been 
difficult to realize high-performance, miniaturized tran- 
sistors that require further decrease of the gate insula- 
tion film thickness, similarly to the case of conventional 
thermal oxide film formation technology. 
[001 1] Further, there has been a problem that degra- 
dation of conductance caused by hot carrier injection in- 
to the oxide film of a transistor, or degradation of electric 
properties with time such as increase of leakage current, 
in a device that causes tunneling of electrons through 
the silicon oxide film as in the case of a flash memory, 
occur more noticeably than in the case where the silicon 
oxide film is formed by the conventional thermal proc- 
esses. 

DISCLOSURE OF THE INVENTION 

[001 2] Accordingly, a general object of the present in- 
vention is to provide a novel and useful semiconductor 
device and a fabrication method thereof in which the 
problems described above are eliminated. 
[001 3] A more specific object of the present invention 
is to provide a low-temperature plasma oxidation tech- 
nology as an alternative to the conventional thermal ox- 
idation technology. 

[0014] Another object of the present invention is to 
provide high-quality insulation film formation technology 
at low temperatures that can be applied to silicon sur- 
faces of every orientation. 

[0015] Still another object of the present invention is 
to provide reliable, high performance, and miniaturized 
semiconductor devices using such high-quality insula- 
tion film formation technology at low temperatures, par- 
ticularly, transistor integrated circuit device, flash mem- 
ory devices, and three dimensional integrated circuit de- 
vices provided with a plurality of transistors or various 
function elements, and to provide a fabrication method 
thereof. 

[0016] A further object of the present invention is to 
provide a semiconductor device comprising a silicon 
compound layer formed on a silicon surface, 

wherein the silicon compound layer contains at 
least a predetermined inert gas and has a hydrogen con- 
tent of 10 11 /cm 2 or less in terms of surface density. 
[0017] Another object of the present invention is to 
provide a semiconductor memory device comprising, on 
a common substrate, a transistor including a polysilicon 
film formed on a silicon surface via a first silicon com- 
pound layer, and a capacitor including a second silicon 
compound layer, formed on a polysilicon surface, 

wherein each of the first and second silicon com- 



pound layers contains at least a predetermined inert gas 
and has a hydrogen content of 10 11 /cm 2 or less in terms 
of surface density. 

[0018] Another object of the present invention is to 
5 provide a semiconductor device having a polysilicon lay- 
er or amorphous silicon layer formed on a substrate as 
an active layer, 

wherein a silicon compound layer containing at 
least a predetermined inert gas and having a hydrogen 
to content of lO^/cm 2 or less in terms of surface density 
is formed on a surface of the silicon layer, and 

the semiconductor device drives a display device 
formed on the substrate. 

[0019] Another object of the present invention is to 
f 5 provide a fabrication method of a semiconductor device 
on a silicon surface, including the steps of: 

exposing the silicon surface to a first plasma of a 
first inert gas so as to remove hydrogen existing on 
20 at least a part of the silicon surface in advance; and 
generating a second plasma of a mixed gas of a 
second inert gas and one or a plurality of kinds of 
gaseous molecules, and forming, on the silicon sur- 
face, a silicon compound layer containing at least a 
25 part of elements constituting the gaseous mole- 
cules under the second plasma. 

[0020] Another object of the present invention is to 
provide a fabrication method of a semiconductor mem- 
30 ory device having, on a common substrate, a transistor 
including a polysilicon film formed on a silicon surface 
via a first insulation film and a capacitor including a sec- 
ond insulation film formed on a polysilicon surface, in- 
cluding the steps of: 

35 

exposing the silicon surface to a first plasma of a 
first inert gas so as to remove hydrogen existing on 
at least a part of the silicon surface in advance; and 
generating a second plasma of a mixed gas of a 

40 second inert gas and one or a plurality of kinds of 
gaseous molecules, and forming, on the silicon sur- 
face, a silicon compound layer containing at least a 
part of elements constituting the gaseous mole- 
cules as the first insulation film under the second 

45 plasma. 

[0021] Another object of the present invention to pro- 
vide a fabrication method of a semiconductor device 
having a polysilicon layer or amorphous silicon layer on 
so a substrate as an active layer, including the steps of: 

forming, on said substrate, a silicon layer formed by 
said polysilicon layer or amorphous layer; 
exposing a surface of said silicon layer to a plasma 
55 of a first inert gas so as to remove hydrogen existing 
on at least a part of said surface of said silicon layer, 
and 

generating a plasma of a mixed gas of a second 
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pendence of silicon oxide film thickness on the gas 
pressure of the processing chamber; 
FIG. 4 is a characteristic diagram showing the depth 
distribution profile of the Kr density in the silicon ox- 
5 ide film; 

FIG. 5 is a characteristic diagram showing the cur- 
rent versus voltage characteristic of the silicon ox- 
ide film; 

FIG. 6 is a diagram showing the relationship be- 
to tween the leakage current characteristics of the sil- 
icon oxide film and the silicon oxynitride film, and 
the film thickness; 

FIG. 7 is a characteristic diagram showing the de- 
pendence of the silicon nitride film thickness on the 

is gas pressure of the processing chamber, 

FIG. 8 is a characteristic diagram showing the pho- 
toemission intensity of atomic state oxygen and 
atomic state hydrogen at the time of formation of 
the silicon oxynitride film; 

20 FIG. 9 is a characteristic diagram showing the ele- 
mental distribution in the silicon oxynitride film; 
FIG. 10 is a characteristic diagram showing the cur- 
rent versus voltage characteristic of the silicon ox- 
ynitride film; 

25 FIGS. 11 A - 11C are conceptual cross-sectional 
views of the shallow trench isolation; 
FIG. 12 is a cross-sectional view of a three-dimen- 
sional transistor formed on a silicon surface having 
projections and depressions; 

30 FIG. 1 3 is a schematic diagram of a cross-sectional 
structure of a flash memory device; 
FIG. 14 is a schematic cross-sectional view for ex- 
plaining the fabrication method of the flash memory 
device of the present invention step by step; 

35 FIG. 15 is a schematic cross-sectional view for ex- 
plaining the fabrication method of the flash memory 
device of the present invention step by step; 
FIG. 16 is a schematic cross-sectional view for ex- 
plaining the fabrication method of the flash memory 

40 device of the present invention step by step; 

FIG. 17 is a schematic cross-sectional view for ex- 
plaining the fabrication method of the flash memory 
device of the present invention step by step; 
FIG. 18 is a schematic diagram of a cross-sectional 

45 structure of a MOS transistor formed on a metal 
substrate SOI; 

FIG. 19 is a conceptual diagram of a plasma appa- 
ratus accommodated to a glass substrate or plastic 
substrate; 

50 FIG. 20 is a schematic diagram of a cross-sectional 
structure of a polysilicon transistor on an insulation 
film; and 

FIG. 21 is a conceptual diagram of a cross-sectional 
structure of a three-dimensional LSI. 

55 



inert gas and one or a plurality of kinds of gaseous 
molecules and forming, on said surface of said sil- 
icon layer, a silicon compound layer including at 
least a part of elements constituting said gaseous 
molecules. 

[0022] According to the present invention, it becomes 
possible to completely remove surface-terminating hy- 
drogen even at low temperature of about 400 °C or less 
in continuous processing without breaking vacuum and 
without degrading the planarity of a silicon surface. 
Hence, it is possible to form a silicon oxide film, silicon 
nitride film, and silicon oxynitride film, having character- 
istics and reliability superior to those of a silicon oxide 
film formed by a conventional thermal oxidation process 
or microwave plasma processing, on a silicon of any sur- 
face orientation at low temperature of about 500 °C or 
less. Consequently, it becomes possible to realize a 
miniaturized transistor integrated circuit having high re- 
liability and high performance. 

[0023] Also, according to the present invention, it be- 
comes possible to form a thin and high-quality silicon 
oxide film, silicon nitride film, and silicon oxynitride film 
having good characteristics such as leakage current 
and breakdown voltage even on a silicon surface of a 
corner part of a device isolation sidewall of, for example, 
a shallow-trench isolation or on a silicon surface having 
a surface form with projections and depressions. Con- 
sequently, it becomes possible to achieve high-density 
device integration with a narrowed device isolation width 
and high-density device integration having a three-di- 
mensional structure. 

[0024] In addition, by using the gate insulation film of 
the present invention, it was possible to realize a flash 
memory device and the like capable of significantly in- 
creasing the number of times of rewriting. 
[0025] Further, according to the present invention, it 
becomes possible to form a high-quality silicon gate ox- 
ide film and silicon gate nitride film even on a polysilicon 
formed on an insulation film and having a predominantly 
(111)-oriented surface. As a result, it becomes possible 
to realize a display apparatus that uses a polysilicon 
transistor having high driving ability, and further, a three- 
dimensional integrated circuit device inVhich a plurality 
of transistors or functional devices are stacked. 

BRIEF PESCRIPTIONOF THE DRAWINGS 

[0026] 

FIG.1 is a conceptual diagram of a plasma appara- 
tus that uses a radial line slot antenna; 
FIG. 2 is a characteristic diagram showing the de- 
pendence of the bond formed between the surface- 
terminating hydrogen at a silicon surface and silicon 
on the exposure to Kr plasma as measured by an 
infrared spectroscopy; 

FIG. 3 is a characteristic diagram showing the de- 



BEST MODE FOR CARRYING OUT THE INVENTION 
[0027] Hereinafter, various preferable embodiments 
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in which the present invention is applied will be ex- 
plained in detail with reference to the drawings. 

(FIRST EMBODIMENT) 

[0028] First, a description will be given of an oxide film 
formation at low temperatures by using plasma. 
[0029] FIG. 1 is a cross-sectional view showing an ex- 
ample of a plasma processing apparatus used in the 
present invention and using a radial line slot antenna. 
[0030] In this embodiment, in order to remove the hy- 
drogen terminating the dangling bonds at a silicon sur- 
face, Kr, which is used as the plasma excitation gas in 
the subsequent oxide film formation process, is used, 
and the removal process of the surface-terminating hy- 
drogen and the oxidation process are conducted in the 
same processing chamber continuously. 
[0031] First, a vacuum vessel (processing chamber) 
101 is evacuated and an Ar gas is introduced first from 
a shower plate 102. Then, the gas is changed to the Kr 
gas. Further, the pressure inside the processing cham- 
ber 101 is set to about 13.3 Pa (1 Torr). 
[0032] Next, a silicon substrate 103 is placed on a 
stage 104 having a heating mechanism, and the tem- 
perature of a specimen is set to about 400 °C. As long 
as the temperature of the silicon substrate 103 is in the 
range of 200-500 °C, almost the same results explained 
as below are obtained. It should be noted that the silicon 
substrate 103 is cleaned by a diluted hydrofluoric acid 
in the preprocessing step immediately before and, as a 
result, the silicon dangling bonds on the surface are ter- 
minated by hydrogen. 

[0033] Next, a microwave having the frequency of 
2.45 GHz is supplied to a radial line slot antenna 106 
from a coaxial waveguide 105, wherein the microwave 
is introduced into the processing chamber 101 from the 
radial line slot antenna 1 06 through a dielectric plate 1 07 
provided on a part of the wall of the processing chamber 
101 . The introduced microwave causes excitation of the 
Kr gas that is introduced into the processing chamber 
101 from the shower plate 102 and, consequently, there 
is induced high-density Kr plasma right underneath the 
shower plate 102. As long as the frequency of the mi- 
crowave to be supplied is in the range of about 900 MHz 
or more but not exceeding about 100GHz, almost the 
same results explained as below are obtained. 
[0034] In the construction of FIG. 1, the interval be- 
tween the shower plate 102 and the substrate 103 is set 
to 6cm in this embodiment. The narrower the interval, 
the faster the film formation becomes. This embodiment 
shows the example of film formation by using the plasma 
apparatus that uses the radial line slot antenna, howev- 
er, it should be noted that the plasma may be induced 
by introducing the microwave into the processing cham- 
ber by other methods. 

[0035] By exposing the silicon substrate 103 to the 
plasma thus excited by the Kr gas, the surface of the 
silicon substrate 103 is subjected to irradiation of low 



energy Kr ions, and the surf ace- terminating hydrogen 
are removed. 

[0036] FIG. 2 shows the result of analysis of the sili- 
con-hydrogen bond on the surface of the silicon sub- 

s strate 1 03 by means of infrared spectrometer and shows 
the effect of removal of the surface-terminating hydro- 
gen at the silicon surface by the Kr plasma induced by 
introducing the microwave into the processing chamber 
101 under the pressure of 13.3 Pa (1 Torr) with the pow- 

10 erof 1.2W/cm2. 

[0037] Referring to FIG. 2, it can be seen that the op- 
tical absorption at about 2100cm -1 , which is character- 
istic to the silicon-hydrogen bond, is more or less van- 
ished after the Kr plasma irradiation conducted for only 

15 about 1 second, and is almost completely vanished after 
irradiation for approximately thirty seconds. That is, the 
surface-terminating hydrogen on the silicon surface can 
be removed by the Kr plasma irradiation conducted for 
approximately 30 seconds. In this embodiment, the sur- 

20 face-terminating hydrogen is completely removed by 
conducting the Kr plasma irradiation for 1 minute. 
[0038] Next, a Kr/0 2 mixed gas is introduced from the 
shower plate 102 with a partial pressure ratio of 97/3. 
On this occasion, the pressure of the processing cham- 

25 ber is maintained at about 13.3 Pa (1 Torr). In the high- 
density excitation plasma in which the Kr gas and the 
0 2 gas are mixed, Kr* in the intermediate excitation 
state and the 0 2 molecules cause collision, and it is pos- 
sible to efficiently form atomic state oxygen O* in large 

30 amount. 

[0039] In this embodiment, with the atomic state oxy- 
gen O* thus formed, the surface of the silicon substrate 
103 is oxidized. In the conventional thermal oxidation 
methods conducted on a silicon surface, the oxidation 

35 is caused by O z molecules or H 2 0 molecules and a very 
high processing temperature of 800 °C or more has 
been needed. In the oxidation processing of the present 
invention conducted by the atomic state oxygen, the ox- 
idation is possible at a very low temperature of about 

40 400 °C. In order to facilitate the collision of Kr* and 0 2 , 
it is preferable that the processing chamber pressure be 
high. However, under excessively high pressure, the O* 
thus formed collide mutually and return to 0 2 molecules. 
Obviously, there exists an optimum gas pressure. 

45 [0040] FIG. 3 shows the relationship between the 
thicknesses of the oxide film formed and the internal 
pressure of the processing chamber of the case where 
the gas pressure inside the processing chamber 101 is 
changed while maintaining the Kr/0 2 pressure ratio in- 

50 side the processing chamber to 97/3. In FIG. 3, the tem- 
perature of the silicon substrate 1 03 is set to 400 °C and 
10 minutes oxidation processing is conducted. 
[0041] Referring to FIG. 3, it can be seen that the ox- 
idation rate becomes maximum when the pressure in- 

55 side the processing chamber 101 is approximately 13.3 
Pa (1 Torr) and that this pressure or the pressure con- 
dition near this is optimum. This optimum pressure is 
not limited to the case where the silicon substrate 103 
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has the (100) surface orientation but is the same also in 
other cases where the silicon surface has any other sur- 
face orientations. 

[0042] After the silicon oxide film of the desired film 
thickness is formed, the introduction of the microwave 
power is shutdown and the plasma excitation is termi- 
nated. Further, the Kr/0 2 mixed gas is replaced with the 
Ar gas, and the oxidation processing is terminated. It 
should be noted that the use of the Ar gas before and 
after this step is intended to use a gas cheaper than Kr 
for the purging gas. The Kr gas used in the this step is 
recovered and reused. 

[0043] Following the above oxide film formation, a 
semiconductor integrated circuit device including tran- 
sistors and capacitors is completed after conducting 
electrode formation processing, passivation film forma- 
tion processing, hydrogen sintering processing, and the 
like. 

[0044] The result of measurement of hydrogen con- 
tent in the silicon oxide film formed according to the fore- 
going processing indicates that the hydrogen content is 
about 10 12 /cm 2 or less in terms of surface density in the 
case where the silicon oxide film has a thickness of 3nm, 
wherein it should be noted that the foregoing measure- 
ment was conducted by measuring the hydrogen re- 
lease caused with temperature rise. Particularly, it was 
confirmed that the oxide film characterized by a small 
leakage current shows that the hydrogen content in the 
silicon oxide film is about 10 11 /cm 2 or less in terms of 
surface density. On the other hand, the oxide film not 
exposed to the Kr plasma before the oxide film formation 
contained hydrogen with the surface density exceeding 
10 12 /cm 2 . 

[0045] Further, the comparison was made between 
the roughness of the silicon surface after the oxide film 
formed according to the foregoing processing was re- 
moved and the roughness of the silicon surface before 
the oxide film formation wherein the measurement of the 
surface roughness was made by using an atomic force 
microscope. It was confirmed that there is caused no 
change of surface roughness. That is, there is caused 
no roughening of silicon surface even when the oxida- 
tion processing is conducted after the removal of the 
surface-terminating hydrogen. 

[0046] FIG. 4 shows the depth profile of Kr density in 
the silicon oxide film formed according to the foregoing 
processing as measured by the total reflection X-ray flu- 
orescent spectrometer. It should be noted that FIG. 4 
shows the result for the silicon (100) surface, however, 
this result is not limited to the (100) surface and a similar 
result is obtained also in other surface orientations. 
[0047] In the experiment of FIG. 4, the partial pressure 
of oxygen in Kr is set to 3% and the pressure of the 
processing chamber is set to 1 3.3 Pa ( 1 33 Torr). Further, 
the plasma oxidation processing is conducted at the 
substrate temperature of 400 °C. 
[0048] Referring to FIG. 4, the Krdensity in the silicon 
oxide film increases with increasing distance from the 



underlying silicon surface and reaches the value of 
about 2 x 10 l1 /cm 2 at the surface of the silicon oxide 
film. This indicates that the silicon oxide film obtained 
according to the foregoing processing is a film in which 

5 the Kr concentration is constant in the film in the region 
where the distance to the underlying silicon surface is 4 
nm or more and in which the Kr concentration decreases 
toward the silicon/silicon oxide interface in the region 
within the distance of 4 nm from the silicon surface. 

10 [0049] FIG. 5 shows the dependence of the leakage 
current on the applied electric field for the silicon oxide 
film obtained according to the foregoing process. It 
should be noted that the result of FIG. 5 is for the case 
where the thickness of the silicon oxide film is 4.4 nm. 

15 For the purpose of comparison, FIG. 5 also shows the 
leakage current characteristic of the oxide film of the 
same thickness in the case where no exposure to the 
Kr plasma was conducted before the formation of the 
oxide film. 

20 [0050] Referring to FIG. 5, the leakage current char- 
acteristic of the silicon oxide film not exposed to the Kr 
plasma is equivalent to the leakage current character- 
istic of the conventional thermal oxide film. This means 
that the Kr/0 2 microwave plasma oxidation processing 

25 does not improve the leakage current characteristics of 
the oxide film thus obtained very much. On the other 
hand, in the oxide film formed according to this embod- 
iment where the oxidation processing is conducted by 
introducing the Kr/0 2 gas after removing the terminated 

30 hydrogen by the Kr plasma irradiation, it can be seen 
that the leakage current is improved by the order of 2 or 
3 as compared with the leakage current of the silicon 
oxide film formed by the conventional microwave plas- 
ma oxidation processing when measured at the same 

35 electric field, indicating that the silicon oxide film formed 
by this embodiment has excellent low leakage charac- 
teristics. It is further confirmed that a similar improve- 
ment of leakage current characteristic is achieved also 
in the silicon oxide film having a much thinner film thick- 

40 ness of up to about 1 .7 nm. 

[0051] FIG. 6 shows the result of measurement of the 
leakage current characteristics of the silicon oxide film 
of this embodiment for the case where the thickness of 
the silicon oxide film is varied. In FIG. 6, A shows the 

45 leakage current characteristic of a conventional thermal . 
oxide film, O shows the leakage current characteristic 
of the silicon oxide film formed by conducting the oxida- 
tion by the Kr/0 2 plasma while omitting the exposure 
process to the Kr plasma, and •shows the leakage cur- 

50 rent characteristic of the silicon oxide film of this embod- 
iment in which the oxidation is conducted by the Kr/0 2 
plasma after exposure to the Kr plasma. In FIG. 6, it 
should be noted that the data represented by ■ show 
the leakage current characteristic of an oxynitride film 

55 to be explained later. 

[0052] Referring to FIG. 6, it can be seen that the leak- 
age current characteristic of the silicon oxide film repre- 
sented by O and formed by the plasma oxidation 
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processing while omitting the exposure process to the 
Kr plasma coincides with the leakage current character- 
istic of the thermal oxide film represented by A, while it 
can be seen also that the leakage current characteristics 
of the silicon oxide film of this embodiment and repre- 
sented by • is reduced with respect to the leakage cur- 
rent characteristics represented by O by the order of 2 
- 3. Further, it can be seen that a a leakage current of 1 
x 10- 2 A/cm 2 , which is comparable to the leakage current 
of the thermal oxide film having the thickness of 2 nm, 
is achieved in the silicon oxide film of this embodiment 
even when the thickness thereof is approximately 1 .5 
nm. 

[0053] Further, the measurement of the surface orien- 
tation dependence conducted on the silicon/silicon ox- 
ide interface state density for the silicon oxide film ob- 
tained by this embodiment has revealed the fact that a 
very low interface state density of approximately 1 x 
lO^cm-^V' 1 is obtained for any silicon surface of any 
surface orientation. 

[0054] Further, the oxide film formed by this embodi- 
ment shows equivalent or superior characteristics as 
compared with the conventional thermal oxide film with 
regard to electric and reliability characteristics, such as 
breakdown voltage characteristics, hot carrier resist- 
ance, electric charges QBD (Charge- to-Breakd own) up 
to the failure of the silicon oxide film when a stress cur- 
rent is applied. 

[0055] As described above, it is possible to form a sil- 
icon oxide film on a silicon of any surface orientation 
even at a low temperature of 400 °C by conducting the 
silicon oxidation processing by the Kr/0 2 high-density 
plasma after removal of the surface-terminating hydro- 
gen. It is thought that such an effect is achieved because 
of the reduced hydrogen content in the oxide film caused 
as a result of the removal of the terminating hydrogen 
and because of the fact that the oxide film contains Kr. 
Because of the reduced amount of hydrogen in the oxide 
film, it is believed that weak element bonding is reduced 
in the silicon oxide film. Further, because of the incor- 
poration of Kr in the film, the stress inside the film and 
particularly at the Si/Si0 2 interface is relaxed, and there 
is caused a reduction of electric charges in the film or 
interface state density. Consequently, the electric prop- 
erties of the silicon oxide film is significantly improved. 
[0056] Particularly, it is believed that reducing the hy- 
drogen concentration to the level of 10 12 /cm 2 or less, 
preferably to the level of 10 11 cm 2 or less, and incorpo- 
ration of Kr with a concentration of about 5 x 10 11 /cm 2 
or less in terms of the surface concentration are thought 
to contribute to the improvement of electric properties 
and reliability characteristics of the silicon oxide film. 
[0057] In order to realize the oxide film of the present 
invention, in addition to the apparatus of FIG. 1 , it is also 
possible to use a plasma processing apparatus capable 
of conducting the oxide film formation at low tempera- 
tures by using plasma. For example, it is also possible 
to use a two-stage shower plate-type plasma process- 



ing apparatus that is provided with a first gas release 
structure releasing the Kr gas for plasma excitation by 
a microwave and a second gas release structure that is 
different from the first gas release structure and releas- 

5 es the oxygen gas. 

[0058] In this embodiment, it should be noted that the 
oxidation processing is terminated such that the feeding 
of the microwave power is shutdown and plasma exci- 
tation is finished upon formation of the silicon oxide film 

10 to a desired film thickness, followed by the process of 
replacing the Kr/O z mixed gas with the Ar gas. However, 
it is also possible to introduce a Kr/NH 3 mixed gas from 
the shower plate 102 with the partial pressure ratio of 
98/2 before shutting down the microwave power while 

1$ maintaining the pressure at about 13.3 Pa (1 Torr), and 
terminate the processing when a silicon nitride film of 
approximately 0.7 nm is formed on the surface of the 
silicon oxide film. According to such a method, a silicon 
oxynitride film in which a silicon nitride film is formed on 

20 the surface thereof is obtained, and thus it becomes 
possible to form an insulation film having a higher spe- 
cific dielectric constant. 

(SECOND EMBODIMENT) 

25 

[0059] Next, a description will be given of nitride film 
formation at low temperatures by using plasma. An ap- 
paratus similar to that shown in FIG. 1 is used for the 
nitride film formation. 

30 [0060] In this embodiment, it is preferable to use Ar 
or Kr for the plasma excitation gas for removing the ter- 
minating hydrogen and for the nitride film formation, in 
order to form a high-quality nitride film. 
[0061] Hereinafter, an example of using Ar will be rep- 

35 resented. 

[0062] First, the interior of the vacuum vessel 
(processing chamber) 101 is evacuated to vacuum and 
an Ar gas is introduced from the shower plate 102 such 
that the pressure inside the processing chamber is set 

40 to about 13.3 Pa (lOOmTorr). 

[0063] Next, the silicon substrate 103, subjected to 
hydrogenated water cleaning and the silicon dangling 
bonds at the surface are terminated by hydrogen in the 
preprocessing step immediately before, is introduced in- 

45 to the processing chamber 101 and is placed on the 
stage 104 having the heating mechanism. Further, the 
temperature of the specimen is set to 500 °C. As long 
as the temperature is in the range of 300-550 °C, results 
almost the same as the one described below are ob- 

50 tained. 

[0064] Next, a microwave of 2.45 GHz is supplied into 
the processing chamber from the coaxial waveguide 
105 via the radial line slot antenna 1 06 and the dielectric 
plate 107 and a high-density plasma of Ar is generated 
55 in the processing chamber. As long as the frequency of 
the supplied microwave is in the range of about 900 MHz 
or more but not exceeding about 10 GHz, results almost 
the same as the one described below are obtained. The 
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interval between the shower plate 1 02 and the substrate 
103 is set to 6 cm in this embodiment. With decreasing 
interval, faster deposition rate becomes possible. While 
this embodiment shows the example of film formation 
by a plasma apparatus that uses the radial line slot an- 
tenna, it is also possible to introduce the microwave into 
the processing chamber by other methods. 
[0065] The silicon surface thus exposed to the plasma 
excited based on an Ar gas is subjected to bombard- 
ment of low energy Ar ions, and the surface-terminating 
hydrogen are removed. In this embodiment, the Ar plas- 
ma exposure is conducted for 1 minute. 
[0066] Next, an NH 3 gas is introduced and mixed to 
the Ar gas from the shower plate 102 with a partial pres- 
sure ratio of 2%. On this occasion, the pressure of the 
processing chamber is held at about 13.3 Pa 
(100mTorr). In excited high-density plasma in which the 
Ar gas and the NH 3 gas are mixed, there are caused 
collision of Ar* in the intermediate excited state and the 
NH 3 molecules, and NH* radicals are formed efficiently. 
The NH* radicals cause nitridation of the silicon sub- 
strate surface. 

[0067] Upon formation of the silicon nitride film with a 
desired thickness, the introduction of the microwave 
power is shutdown and the excitation of the plasma is 
terminated. Further, the Ar/NH 3 mixed gas is replaced 
with the Ar gas and the nitridation processing is termi- 
nated. 

[0068] Further, following the above nitride film forma- 
tion, electrode formation processes, passivation film for- 
mation processes, hydrogen sintering processes, and 
the like are conducted, and a semiconductor integrated 
device that includes transistors and capacitors is com- 
pleted. 

[0069] While this embodiment showed the example in 
which the nitride film is formed by the plasma apparatus 
that uses the radial line slot antenna, it is also possible 
to introduce the microwave into the processing chamber 
by other methods. In addition, while this embodiment us- 
es Ar for the plasma excitation gas, similar results are 
obtained also when Kr is used. Further, while this em- 
bodiment uses NH 3 for the plasma process gas, it is also 
possible to use a mixed gas of N 2 and H 2 for this pur- 
pose. 

[0070] In the silicon nitride film formation process of 
the present invention, it is one of important requirements 
that there remains hydrogen in the plasma even after 
the surface-terminating hydrogen are removed. As a re- 
sult of existence of hydrogen in the plasma, the dangling 
bonds inside the silicon nitride film as well as the dan- 
gling bond at the interface are terminated by forming Si- 
H bonds or N-H bond. Consequently, electron traps are 
eliminated from the silicon nitride film and the interface. 
[0071] The existence of the Si-H bond and the N-H 
bond in the nitride film of the present invention is con- 
firmed respectively by infrared absorption spectroscopy 
and by X-ray photoelectron spectroscopy. As a result of 
existence of hydrogen, the hysteresis in the CV charac- 



teristics is eliminated and the interface state density at 
the silicon/silicon nitride film is suppressed to 2 x 
10 10 crn 2 . In the case of forming the silicon nitride film 
by using a rare gas (Ar or Kr) and an mixed gas, 

5 it is possible to suppress the traps of electrons or holes 
in the film drastically by setting the partial pressure of 
the hydrogen gas to 0.5% or more. 
[0072] FIG. 7 shows the pressure dependence of the 
silicon nitride film thickness formed according to the 

10 process described above. In the experiment of FIG. 7, 
it should be noted that the Ar/NH 3 partial pressure ratio 
was set to 98/2 and the deposition time was 30 minutes. 
[0073] Referring to FIG. 7, it can be seen that there 
occurs an increase of deposition rate of the nitride film 

f 5 by reducing the pressure in the processing chamber and 
thus by increasing the energy given to NH 3 (or N^H 2 ) 
by the rare gas (Ar or Kr) . From the viewpoint of effi- 
ciency of nitride film formation, it is preferable that the 
gas pressure be in the range of 6.65 - 13.3 Pa (50 - 

20 lOOmTorr). However, from the viewpoint of productivity, 
it is preferable to use a unified pressure suitable to the 
oxidation, for example, 133Pa (1 Torr), also for nitrida- 
tion, in the process where oxidation and nitridation are 
continuously conducted, as will be explained in other 

25 embodiments. Additionally, it is preferable that the par- 
tial pressure of NH 3 (or N^H 2 ) in the rare gas be in the 
range of 1 - 1 0%, more preferably, in the range of 2 - 6%. 
[0074] It should be noted that the silicon nitride film 
obtained by this embodiment showed the specific die- 

30 lectric constant of 7.9, which value is about twice as 
large as the specific dielectric constant of a silicon oxide 
film. 

[0075] Measurement of the current versus voltage 
characteristics of the silicon nitride film obtained by this 

35 embodiment has revealed the fact that a leakage current 
characteristic smaller by the order of 5 - 6 than that of a 
thermal oxide film having the thickness of 1.5nrri is ob- 
tained in the case where the film thickness is 3.0 nm 
(equivalent to the oxide film thickness of 1 .5nm), under 

40 the condition that a voltage of 1 V is applied. This means 
that it is possible to break through the limitation of min- 
iaturization that appears in the transistors using a silicon 
oxide film for the gate insulation film, by using the silicon 
nitride film of this embodiment. 

45 [0076] It should be noted that the film formation con- 
dition of the nitride film described above as well as the 
physical and electrical properties are not limited on the 
(100) oriented silicon surface but are valid in the same 
way on the silicon of any surface orientation including 

50 the (111) surface. 

[0077] It is believed that the preferable results 
achieved by this embodiment are not only attained by 
the removal of the terminating hydrogen, but also by the 
existence of Ar or Kr in the nitride film. In other words, 

55 in the nitride film of this embodiment, it is believed that 
Ar or Kr existing in the nitride film relaxes the stress in- 
side the nitride film or at the silicon/nitride film interface, 
and as a result, the fixed electric charges in the silicon 
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nitride film or the interface state density is reduced, 
thereby significantly improving the electric properties 
and the reliability characteristics. 
[0078] Particularly, it is thought that the existence of 
Ar or Kr with the surface density of 5 x 10 11 /cm 2 or less 
contributes to the improvement of the electric properties 
and reliability characteristics of the silicon nitride film, 
as in the case of the silicon oxide film. 
[0079J In order to realize the nitride film of the present 
invention, in addition to the apparatus of FIG. 1 , it is also 
possible to use another plasma processing apparatus 
capable of conducting oxide film formation at low tem- 
peratures by using plasma. For example, it is also pos- 
sible to conduct film formation by using a two-stage 
shower plate type plasma processing apparatus that in- 
cludes a first gas release structure releasing an Ar or Kr 
gas for excitation of plasma by microwave and a second 
gas release structure that is different from the first gas 
release structure and releases the NH 3 (or Ng/Hg) gas. 

(THIRD EMBODIMENT) 

[0080] Next, a description will be given of an embod- 
iment that uses, for the gate insulation film, a two-layer 
structure of an oxide film and nitride film formed at a tow- 
temperature by using plasma. 

[0081] The formation apparatus of the oxide film and 
the nitride film used in this embodiment is identical with 
that of FIG. 1. In this embodiment, Kr is used for the 
plasma excitation gas for formation of the oxide film and 
the nitride film. 

[0082] First, the vacuum vessel (processing cham- 
ber) 101 is evacuated to vacuum and an Ar gas is intro- 
duced into the processing chamber 101 from the shower 
plate 102. Then, the gas to be introduced the next is 
switched to the Kr gas from the initial Ar gas, and the 
pressure of the processing chamber 101 is set to about 
133 Pa (1 Torr). 

[0083] Next, the silicon substrate 103, subjected to di- 
luted hydrofluoric acid treatment and the surface dan- 
gling bonds of silicon are terminated by hydrogen in the 
preprocessing step immediately before, is introduced in- 
to the processing chamber 101 and placed on the stage 
104 having the heating mechanism. Further, the tem- 
perature of the specimen is set to 400 °C . 
[0084] Next, a microwave having the frequency of 
2.45 GHz is supplied to the radial line slot antenna 106 
from the coaxial waveguide 105 for 1 minute, wherein 
the microwave is introduced into the processing cham- 
ber 101 via the dielectric plate 107. The surf ace- termi- 
nating hydrogen is removed by exposing the surface of 
the silicon substrate 103 to the high-density Kr plasma 
thus generated in the processing chamber 101. 
[0085] Next, the pressure of the processing chamber 
101 is maintained at 133 Pa (1 Ton*) and a Kr/0 2 mixed 
gas is introduced from the shower plate 102 with the par- 
tial pressure ratio of 97/3. Thereby, there is formed a 
silicon oxide film on the surface of the silicon substrate 



103 with a thickness of 1.5 nm. 

[0086] Next, the supply of the microwave is shutdown 
momentarily and introduction of the 0 2 gas is terminat- 
ed. After purging the v interior of the vacuum vessel 

5 (processing chamber) 101 with Kr, a mixed gas of Kr/ 
NH 3 is introduced from the shower plate 102 with a par- 
tial pressure ratio of 98/2. Further, the microwave having 
the frequency of 2.56 GHz is supplied again with the 
pressure of the processing chamber set to about 133 

10 Pa (1 Torr), so as to generate the high-density plasma 
in the processing chamber 101, thereby forming a sili- 
con nitride film on the surface of the silicon oxide film 
with the thickness of 1 nm. 

[0087] Upon formation of the silicon nitride film with 

15 the desired thickness, the introduction of the microwave 
power is stopped and the plasma excitation is terminat- 
ed. Further, the Kr/NH 3 mixed gas is replaced with the 
Ar gas and the oxynitridation processing is terminated. 
[0088] Following the oxynitride film formation de- 

20 scribed above, by conducting electrode formation 
processing, passivation film formation processing, hy- 
drogen sintering processing, and the like, a semicon- 
ductor integrated circuit device having transistors or ca- 
pacitors is completed. 

25 [0089] Measurement of the effective dielectric con- 
stant conducted on a laminated gate insulation film thus 
formed has revealed the value of approximately 6. Also, 
electric properties and reliability characteristics, such as 
leakage current characteristic, breakdown voltage char- 

30 acteristic, and hot-carrier resistance, were excellent as 
in the case of the first embodiment. The gate insulation 
film thus obtained showed no dependence on the sur- 
face orientation of the silicon substrate 103, and the gate 
insulation film having excellent characteristics was 

35 formed also on the silicon of any surface orientation oth- 
er than the (100) surface. In this manner, the gate insu- 
lation film having both the low interface state properties 
of the oxide film and the high dielectric constant char- 
acteristics of the nitride film was realized. 

40 [0090] This embodiment explained the two-layer con- 
struction of an oxide film and a nitride film, where the 
oxide film is located closer to the silicon side. However, 
it is also possible to change the order of the oxide film 
and the nitride film according to the proposes. In addi- 

45 tion, it is also possible to form a laminated film having 
more number of films, such as oxide film/nitride film/ox- 
ide film, nitride film/oxide fiim/nitride film, and the like. 

(FOURTH EMBODIMENT) 

50 

[0091] Next, a description will be given of an embod- 
iment that uses an oxynitride film formed at low temper- 
ature by using plasma for the gate insulation film. 
[0092] It should be noted that the oxynitride film for- 
55 mation apparatus used in this embodiment is identical 
with that of FIG. 1. In this embodiment, Kr is used for 
the plasma excitation gas. 

[0093] First, the interior of the vacuum vessel 
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(processing camber) 101 is evacuated to vacuum, and 
an Ar gas is introduced into the processing chamber 101 
from the shower plate 102. Next, the gas introduced to 
the processing chamber 1 01 is switched to a Kr gas from 
the Ar gas, and the pressure inside the processing 
chamber is set to about 1 33 Pa(1 Torr). 
[0094] In addition, the silicon substrate 103, subjected 
to diluted hydrofluoric acid cleaning and the silicon dan- 
gling bonds at the surface are terminated by hydrogen 
in the preprocessing step immediately before, is intro- 
duced into the processing chamber 101 and is. placed 
on the stage 104 having the heating mechanism. Fur- 
ther, the temperature of the specimen is set to 400 °C. 
[0095] Next, a microwave having the frequency of 
2.45 GHz is supplied to the radial line slot antenna 106 
from the coaxial waveguide 105 for 1 minute, wherein 
the microwave is introduced into the processing cham- 
ber 107 from the radial lien slot antenna 106 through the 
dielectric plate 107. Thereby, there is generated high- 
density plasma of Kr in the processing chamber 101. 
The surface-terminating hydrogen is removed by expos- 
ing the surface of the silicon substrate 103 to the plasma 
thus excited by the Kr gas. 

[0096] Next, the pressure of the processing chamber 

101 is maintained at about 133 Pa (1 Torr) and a mixed 
gas of Kr/O^Nh^ is introduced from the shower plate 

102 with the partial pressure ratio of 96.5/3/0.5. There- 
by, a silicon oxy nitride film of 3.5nm is formed on the 
silicon surface. Upon formation of the silicon oxynitride 
film of the desire film thickness, the introduction of the 
microwave power is shutdown and the plasma excita- 
tion is terminated. Further, the Kr/0 2 /NH 3 mixed gas is 
replaced with the Ar gas and the oxynitridation process- 
ing is terminated. 

[0097] Following the oxide film formation described 
above, by conducting electrode formation processing, 
passivation film formation processes, hydrogen sinter- 
ing processes, and the like, a semiconductor integrated 
circuit device having transistors or capacitors is com- 
pleted. 

[0098] As shown in FIG. 8, the formation density of 
the atomic state oxygen O* as measured by the pho- 
toemission analysis does not change substantially when 
the mixing ratio of the Kr/O^NH 3 gas is in the range of 
97/3/0 - 95/3/2. However, when the ratio of NH 3 is in- 
creased further, the amount of formation of the atomic 
state oxygen O* is reduced and the amount of the atomic 
state hydrogen is increased. Particularly, in the case 
where the mixing ratio of the Kr/O^NHg gas is about 
96.5/3/0.5, the leakage current becomes minimum and 
the withstand voltage and the resistance against electric 
charge injection are improved. 

[0099] FIG. 9 shows the concentration distribution of 
silicon, oxygen, and nitrogen in the oxynitride film of the 
this embodiment as measured by a secondary ion mass 
spectrometer. It should be noted that, in FIG. 9, the hor- 
izontal axis represents the depth as measured from the 
surface of the oxynitride film. In FIG. 9, it can be seen 



that the distribution of silicon, oxygen, and nitrogen is 
changing gently in the film. However, this is caused by 
non-uniformity of etching and does not mean that the 
film thickness of the oxynitride film is uneven. 

5 [01 00] Referring to FIG. 9, it can be seen that the con- 
centration of nitrogen in the oxynitride film is high at the 
silicon/silicon oxynitride film interface and at the silicon 
oxynitride film surface, and decreases at the central part 
of the oxynitride film. The amount of nitrogen incorpo- 

10 rated into the oxynitride film is several ten percent or 
less as compared with silicon or oxygen. 
[0101] FIG. 10 shows the dependence of leakage cur- 
rent of the oxynitride film of the this embodiment on the 
applied electric field. It should be noted that, however, 

is FIG. 1 0 also shows the leakage current characteristic of 
the oxide film of the same film thickness in which the 
exposure process to the Kr plasma is not conducted be- 
fore the oxide film formation by the microwave plasma 
and the leakage current characteristic of the oxide film 

20 formed by a thermal oxidation process for the purpose 
of comparison. 

[0102] Referring to FIG. 10, it can be seen that, as 
compared with the oxide film formed by the conventional 
technique, the value of the leakage current at the same 

25 electric field is reduced by the order of 2 - 4 in the ox- 
ynitride film of the this embodiment in which the oxyni- 
tridation processing is conducted by introducing the Kr/ 
0 2 /NH 3 gas after removing the terminating hydrogen by 
the Kr plasma irradiation and that excellent low-leakage 

30 characteristics are obtained. 

[0103] It should be noted that, in FIG. 6 explained be- 
fore, the relationship between the leakage current char- 
acteristic and the film thickness of the oxynitride film 
thus formed is represented by 

35 [0104] Referring to FIG. 6 again, it can be seen that 
the oxynitride film formed by this embodiment after con- 
ducting the Kr irradiation has a similar leakage charac- 
teristic to the oxide film formed with a similar process 
and, particularly, the leakage current is only 1 x 10~ 2 A/ 

40 cm 2 also in the case where the film thickness is approx- 
imately 1 .6 nm. 

[0105] It should be noted that the oxynitride film of this 
embodiment also showed excellent electric properties 
and reliability characteristics, such as breakdown volt- 

45 age characteristic and hot carrier resistance, superior to 
the oxide film of the first embodiment described above. 
Further, there was observed no dependence on the sur- 
face orientation of the silicon substrate, and thus, it is 
possible to form a gate insulation film of excellent char- 

50 acteristic not only on the (100) surface of silicon but also 
on the silicon surface of any surface orientation. 
[01 06] As described above, it is possible to form a sil- 
icon oxynitride film of excellent characteristics and film 
quality on the silicon surface of any surface orientation 

55 even at the low temperature of 400 °C by conducting 
the silicon oxynitridation processing by using the Kr/O^ 
NH 3 high-density plasma, after removing the surface- 
terminating hydrogen. 
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[0107] The reason why such preferable effect can be 
achieved by this embodiment is attributed not only to the 
reduction of hydrogen content in the oxynitride film 
caused by removal of the surface-terminating hydrogen, 
but also to the nitrogen contained in the oxynitride film 
with a proportion of several ten percent or less. In the 
oxynitride film of this embodiment, the content of Kr is 
approximately 1/10 or less as compared with the oxide 
film of the first embodiment, and in place of Kr, a large 
amount of nitrogen is contained. That is, in this embod- 
iment, it is believed that the reduction of hydrogen in the 
oxynitride film causes reduction of weak bonds in the 
silicon oxynitride film, the existence of nitrogen causes 
relaxation of stress in the film or at the Si/Si0 2 interface, 
and consequently, trapped electrical charges in the film 
or the surface state density is reduced, and the electric 
properties of the oxynitride film is improved significantly. 
Particularly, it is believed the reduction of hydrogen con- 
centration in the oxynitride film to lO^rrr 2 or less, more 
preferably, 10 11 cm~ 2 or less, and the existence of nitro- 
gen in the film with a proportion of several ten percent 
with respect to silicon or oxygen contribute to the im- 
provement of the electric properties and reliability char- 
acteristics of the silicon oxynitride film. 
[0108] In this embodiment, the oxynitridation process- 
ing is terminated such that the introduction of the micro- 
wave power is shutdown at the end of the oxynitridation 
processing upon formation of the silicon oxynitride film 
with the desired thickness, and the Kr/O^NHa mixed 
gas is replaced with the Ar gas. On the other hand, it is 
also possible to terminate the oxynitridation processing 
by introducing a Kr/NH 3 mixed gas with the partial pres- 
sure ratio of 98/2 from the shower plate 102 before the 
shutdown of the microwave power while maintaining the 
pressure at about 133 Pa (1 Torr) and form a silicon ni- 
tride film on the surface of the silicon oxynitride film with 
the thickness of approximately 0.7 nm. According to this 
method, a silicon nitride film is formed on the surface of 
the silicon oxynitride film and an insulation film having 
a higher dielectric constant can be formed. 

(FIFTH EMBODIMENT) 

[01 09] Next, a description will be given of a fabrication 
method of a semiconductor device according to a fifth 
embodiment of the present invention in which semicon- 
ductor device a high-quality silicon oxide film formed on 
a corner part of the device isolation sidewall that consti- 
tutes a shallow-trench isolation or on a silicon surface 
having a surface form with projections and depressions. 
[0110] FIG. 11 A shows a conceptual diagram of shal- 
low trench isolation. 

[0111] Referring to FIG. 11A, the illustrated shallow 
trench isolation is formed by forming an isolation trench 
on a surface of a silicon substrate 1003 by conducting 
a plasma etching, filling the trench thus formed with a 
silicon oxide film 1002 formed by a CVD method, and 
planarizing the silicon oxide film 1 002 by a CMP method, 



and the like. 

[0112] In this embodiment, the silicon substrate is ex- 
posed to an oxidizing atmosphere at 800 - 900 °C after 
the polishing step of the silicon oxide film 1002 accord- 

5 ing to the CMP method to conduct sacrifice oxidation, 
and the silicon oxide film formed by the sacrifice oxida- 
tion is etched away in a chemical sotution containing hy- 
drofluoric acid. Thereby, a silicon surface terminated 
with hydrogen is obtained. In this embodiment, the sur- 

10 face- terminating hydrogen is removed by using the Kr 
plasma with a procedure similar to the one in the first 
embodiment. Thereafter, the Kr/02 gas is introduced 
and the silicon oxide film is formed with the thickness of 
approximately 2.5 nm. 

15 [0113] According to this embodiment, as shown in 
FIG. 11 C, the silicon oxide film is formed with a uniform 
thickness even on the corner part of the shallow trench 
isolation without causing decrease of silicon oxide film 
thickness. The silicon oxide film formed by the plasma 

20 oxidation method using the Kr plasma has excellent 
QBD (Charge to Breakdown) characteristics including 
the shallow trench isolation part, and there is caused no 
increase of leakage current even in the case where the 
amount of the injected electric charges are 10 2 C/cm 2 . 

25 Thus, the reliability of the device is improved significant- 
ly. 

[0114] In the case of forming the silicon oxide film by 
the conventional thermal oxidation method, as shown in 
FIG. 11 B, the thinning of the film becomes severe at the 

30 corner part of the shallow trench isolation with increas- 
ing taper angle of the shallow trench isolation. However, 
in the case of the plasma oxidation of the present inven- 
tion, no such thinning of the silicon oxide film is caused 
at the comer part of the shallow trench isolation even 

35 when the taper angle is increased. Thus, in this embod- 
iment, by making the taper angle for the trench near the 
right angle in the shallow trench isolation structure, it is 
possible to reduce the area of the device isolation region 
and further increase integration density in the semicon- 

40 ductor device. The taper angle of about 70 degrees has 
been used for the device isolation part in the conven- 
tional thermal oxidation technology, because of the lim- 
itation caused by the thinning of the thermal oxide film 
at the trench corner part as shown in FIG. 11B. Accord- 

45 jng to the present invention, however, it is possible to 
use the angle of 90 degrees. 

[0115] FIG. 12 shows the cross-sectional view of the 
silicon oxide film formed on a silicon substrate having 
an undulating surface form formed by conducting a 
50 90-degree etching on the silicon substrate, with a thick- 
ness of 3 nm according to the procedure of the first em- 
bodiment. 

[0116] Referring to FIG. 12, it can be confirmed that 
a silicon oxide film of uniform thickness is formed on any 
55 of the surfaces. 

[01 17] The oxide film formed as described above has 
good electric properties such as leakage current or 
breakdown voltage. Thus, the present invention can re- 
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alize a high-density semiconductor integrated device 
having a silicon three-dimensional structure that in- 
cludes- plural surface orientations such as a vertical 
structure. 

(SIXTH EMBODIMENT) 

[0118] Next, a description will be given of a flash 
memory device according to a sixth embodiment of the 
present invention that uses the formation technology of 
oxide film and nitride film or that of oxynitride film at low 
temperature by using plasma. In the description below, 
it should be noted that the explanation is made by taking 
a flash memory device as an example, however, the 
present invention is applicable also to EPROMs, EEP- 
ROMs, and the like. 

[0119] FIG. 13 shows the schematic cross-sectional 
view of a flash memory device according to this embod- 
iment. 

[0120] Referring to FIG. 13, the flash memory device 
is constructed on a silicon substrate 1201 and includes 
a tunneling oxide film 1202 formed on the silicon sub- 
strate 1201, a first polysilicon gate electrode 1203 
formed on the tunneling oxide film 1202 as a floating 
gate electrode, a silicon oxide film 1204 and a silicon 
nitride film 1205 formed consecutively on the polysilicon 
gate electrode 1203, and a second polysilicon gate elec- 
trode 1206 .formed on the silicon nitride film 1205 as a 
control gate electrode. In FIG. 13, illustration of the 
source region, drain region, contact hole, wiring pat- 
terns, and the like, is omitted. It should be noted that the 
silicon oxide film 1202 is formed by the silicon oxide film 
formation method explained in the first embodiment, 
and the laminated structure of the silicon oxide film 1204 
and the nitride film 1205 is formed by the formation 
method of silicon nitride film explained in the third em- 
bodiment. 

[0121] FIGS. 14-17 are schematic cross-sectional 
views for explaining the fabrication method of the flash 
memory device of this embodiment step by step. 
[0122] Referring to FIG. 14, a silicon substrate 1301 
includes a flash memory cell region A, a high-voltage 
transistor region B, and a low- voltage transistor region 
C that are defined by a field oxide film 1302, wherein a 
silicon oxide film 1303 is formed on the surface of the 
silicon substrate 301 in each of the regions A - C. The 
field oxide film 1302 may be formed by a selective oxi- 
dation process (LOCOS method) or shallow trench iso- 
lation method, 

[0123] In this embodiment, Kr is used as the plasma 
excitation gas for the removal of the surface-terminating 
hydrogen or for the formation of the oxide film and the 
nitride film. The oxide film and nitride film formation ap- 
paratus is identical with that of FIG. 1 . 
[0124] Next, in the step of FIG. 15, the silicon oxide 
film 1 303 is removed from the memory cell region A, and 
the silicon surface is terminated by hydrogen by diluted 
hydrofluoric acid cleaning. Further, a tunneling oxide 



film 1304 is formed similarly to the first embodiment de- 
scribed above. 

[01 25] That is, as in the above-described first embod- 
iment, the vacuum vessel (processing chamber) 101 is 
5 evacuated to vacuum and the Ar gas is introduced into 
the processing chamber 101 from the shower plate 102. 
Next, the Ar gas is switched to the Kr gas and the pres- 
sure in the processing chamber 101 is set to about 1 
Torr. 

10 [0126] Next, the silicon oxide film 1303 is removed 
and the silicon substrate subjected to the diluted hy- 
drofluoric acid treatment is introduced into the process- 
ing chamber 101 as the silicon substrate 103 of FIG. 1 
and is placed on the stage 104 having the heating mech- 

15 anism. Further, the temperature of the substrate is set 
to 400 °C. 

[0127] Further, a microwave having the frequency of 
2.45 GHz is supplied from the coaxial waveguide 1 05 to 
the radial line slot antenna 106 for 1 minute, wherein the 

20 microwave is introduced into the processing chamber 
101 from the radial line slot antenna 106 through the 
dielectric plate 107. By exposing the surface of the sili- 
con substrate 1301 to the high-density Kr plasma thus 
formed in the processing chamber 101, the terminating 

25 hydrogen are removed from the silicon surface of the 
substrate 1301. 

[01 28] Then, the Kr gas and the 0 2 gas are introduced 
from the shower plate 102, and the silicon oxide film 
1304 used for the tunneling insulation film is formed on 
30 the region A with a thickness of 3.5 nm. Subsequently, 
a first polysilicon layer 1305 is deposited so as to cover 
the silicon oxide film 1304. 

[0129] Next, the first polysilicon layer 1 305 is removed 
from the high voltage and low voltage transistor forma- 
35 tion regions B and C, respectively, by a patterning proc- 
ess, such that the first polysilicon pattern 1305 is left 
only on the tunneling oxide film 1 304 in the memory cell 
region A. 

[0130] After this etching, cleaning is conducted and 
40 the surface of the polysilicon pattern 1 305 is terminated 
with hydrogen. 

[0131] Next, in the step of FIG. 16, as in the third em- 
bodiment described above, an insulation film 1306 hav- 
ing an ON structure of a lower oxide film 1 306A and an 
45 upper nitride film 1306B is formed so as to cover the 
surface of the polysilicon pattern 1305 similarly to the 
third embodiment. 

[0132] The ON film is formed as follows. 

[0133] The vacuum vessel (processing chamber) 101 

50 is evacuated to vacuum and the Ar gas introduced from 
the shower plate 102 is switched to the Kr gas. In addi- 
tion, the pressure inside the processing chamber is set 
to about 133 Pa(1 Torr). Next, the silicon substrate 1301 
carrying the polysilicon pattern 1 305 in the state that the 

55 hydrogen termination is made is introduced into the 
processing chamber 101 and is placed on the stage 104 
having the heating mechanism. Further, the tempera- 
ture of the specimen is set to 400 °C. 
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[0134] Next, a microwave having the frequency of 
2.45 GHz is supplied to the radial line slot antenna 106 
from the coaxial waveguide 105 for about 1 minute, 
wherein the microwave is introduced into the processing 
chamber 101 from the radial line slot antenna 106 
through the dielectric plate 107, and there is generated 
a high-density Kr plasma. As a result, the surface of the 
polysilicon pattern 1305 is exposed to the Kr gas and 
the surface terminating hydrogen is removed. 
[0135] Next, a Kr/0 2 mixed gas is introduced into the 
processing chamber 101 from the shower plate 102 
while maintaining the pressure inside the processing 
chamber 101 to about 133 Pa (1 Torr), and a silicon ox- 
ide film is formed on the polysilicon surface with a thick- 
ness of 3 nm. 

[01 36] Next, after the supply of the microwave is shut- 
down temporarily, the introduction of the Kr gas and the 
0 2 gas is interrupted. The interior of the vacuum vessel 
(processing chamber) 101 is evacuated, and the Kr gas 
and an NH 3 gas are introduced from the shower plate 
102. The pressure inside the processing chamber 101 
is set to about 13.3Pa (100 rnTorr) and the microwave 
of 2.45GHz is supplied again into the processing cham- 
ber 101 via the radial line slot antenna 106. Thereby, 
high-density plasma is generated in the processing 
chamber and a silicon nitride film is formed on the silicon 
oxide film surface with the thickness of 6 nm. 
[01 37] When an ON film with a thickness of 9 nm was 
formed as described above, the film thickness of the ON 
film thus obtained was uniform, and no dependence on 
the polysilicon surface orientation was observed. Thus, 
it was realized that the extremely uniform film could be 
obtained. 

[0138] After such a process of formation of the ON 
film, the insulation film 1306 is removed from the high- 
voltage and low- voltage transistor regions B and C, re- 
spectively, by patterning in the step of FIG. 17, and then, 
ion implantation for threshold voltage control is conduct- 
ed on the high-voltage and low- voltage transistor re- 
gions B and C, respectively. Further, the oxide film 1 303 
formed on the regions B and C is removed, and a gate 
oxide film 1307 is formed on the region B with a thick- 
ness of 5 nm. Thereafter, a gate oxide film 1308 is 
formed on the region C with a thickness of 3 nm. 
[0139] Then, a second polysilicon layer 1309 and a 
silicide layer 1310 are formed consecutively on the en- 
tire structure including the field oxide film 1302. In addi- 
tion, gate electrodes 1311B and 1311C are formed in 
the high- voltage transistor region B and the low- voltage 
transistor region C, respectively, by patterning the sec- 
ond polysilicon layer 1309 and the silicide layer 1310. 
Further, a gate electrode 1311 A is formed in corre- 
spondence to the memory cell region A. 
[0140] After the step of FIG. 17, source and drain re- 
gions are formed according to a standard semiconduc- 
tor process, and the device is completed by conducting 
formation of interlayer insulation films and contact holes 
and formation of wiring patterns. 



[0141] In the present invention, it should be noted that 
the insulation films 1306A and 1306B maintain good 
electric properties even when the thickness thereof is 
reduced to about one half the conventional thickness of 
5 the oxide film or nitride film. In other words, these silicon 
oxide film 1306A and silicon nitride film 1306B maintain 
good electric properties even when the thickness there- 
of is reduced, are dense, and have high quality. Further, 
it should be noted that, because the silicon oxide film 
10 1306A and the silicon nitride film 1306B are formed at 
low temperature, there occurs no thermal budget or the 
like at the interface between the gate polysilicon and the 
oxide film, and good interface is obtained. 
[01 42] The flash memory device of the present inven- 
ts tion can perform writing and erasing operations of infor- 
mation at low voltage and suppress the generation of 
substrate current. Thereby, deterioration of the tun- 
neling insulation film is suppressed. Hence, a non-vol- 
atile semiconductor memory in which the flash memory 
20 devices of the present invention are arranged in a two- 
dimensional array can be produced with high yield and 
shows stable characteristics. 

[0143] In the flash memory device of the present in- 
vention, the leakage current is small due to the excellent 

25 film quality of the insulation films 1 306A and 1 306B. Al- 
so, it is possible to reduce the film thickness without in- 
creasing the leakage current. Thus, it becomes possible 
to perform the writing or erasing operation at an opera- 
tional voltage of about 5V. As a result, the memory re- 

30 tention time of the flash memory device is increased by 
the order of 2 or more as compared with the convention- 
al one, and the number of times of possible rewriting 
operation is increased by the order of 2 or more. 
[0144] It should be noted that the film structure of the 

35 insulation film 1306 is not limited to the ON structure 
explained above, but it is also possible to use an O struc- 
ture formed of an oxide film similar to that of the first 
embodiment, an N structure formed of a nitride film sim- 
ilar to that of the second embodiment, or an oxynitride 

40 film similar to the one in the fourth embodiment. Further, 
the insulation film 1306 may have an NO structure 
formed of a nitride film and an oxide film, an ONO struc- 
ture in which an oxide film, a nitride film, and an oxide 
film are laminated consecutively, or an NONO structure 

45 jn which a nitride film, an oxide film, a nitride film, and 
an oxide film are laminated consecutively. Choice of any 
of the foregoing structures can be made according to 
the purpose from the viewpoint of compatibility with the 
gate insulation film in the high voltage transistor or low 

50 voltage transistor in the peripheral circuit or from the 
viewpoint of possibility of shared use. 

(SEVENTH EMBODIMENT) 

55 [0145] It should be noted that the formation of the gate 
insulation film by using the foregoing Kr/0 2 microwave- 
excited high-density plasma or the formation of the gate 
nitride film by using the Ar (or Kr) /NH 3 (or N2/H2) micro- 
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wave-excited high-density plasma by using the appara- 
tus of FIG. 1 is applicable to the formation of a semicon- 
ductor integrated circuit device on a si I icon-on- insulator 
(metal-substrate SOI) wafer including a metal layer in 
the underlying silicon in which metal-substrate SOI con- 
ventional high temperature process is not possible. Par- 
ticularly, the effect of removal of the terminating hydro- 
gen appears conspicuously in the SOI structure having 
a small silicon film thickness and performing completely 
depleted operation. 

[0146] FIG. 18 shows across-sectional view of a MOS 
transistor having a metal-substrate SOI structure. 
[0147] Referring to FIG. 18, 1701 is a low-resistance 
semiconductor layer of n + -type or p*-type, 1702 is a sil- 
ictde layer of such as NiSi, 1703 is a conductive nitride 
layer such as TaN or UN, 1704 is a metal layer of such 
as Cu, 1 705 is a conductive nitride layer of such as TaN 
or TiN, 1706 is a low-resistance semiconductor layer of 
nMype or p+-type, 1707 is a nitride insulation film such 
as AIN, Si 3 N 4 , and the like, 1708 is an SiO z film, 1709 
is an Si0 2 layer or a BPSG layer or an insulation layer 
combining these, 1710 is a drain region of nMype, 1711 
is a source region of n+-type, 1712 is a drain region of 
p'-type, 1713 is a source region of p+-type, 1714 and 
1715 are silicon semiconductor layers oriented in the 
<111> direction, 1716 is an Si0 2 film formed by the Kr/ 
0 2 microwave-excited high-density plasma after remov- 
ing the surface-terminating hydrogen by Kr plasma irra- 
diation according to the procedure of the first embodi- 
ment of the present invention, 1717 and 1718 are re- 
spectively the gate electrodes of an n-MOS transistor 
and a p-MOS transistor and formed of Ta, Ti, TaN/Ta, 
TiN/Ti, and the like, 1719 is a source electrode of the 
n-MOS transistor, and 1720 is a drain electrode of the 
n-MOS transistor and a p-MOS transistor. Further, 1721 
is a source electrode of a p-MOS transistor and 1722 is 
a substrate surface electrode. 

[0148] In such a substrate including a Cu layer and 
protected by TaN or TiN, the temperature of thermal 
processing has to be about 700 °C or less for suppress- 
ing diffusion of Cu. The source or drain region of n + -type 
or p*-type is formed by conducting the thermal process- 
ing at 550 °C after ion implantation of As + , AsF 2 + , or 
BF 2 *. 

[01 49] In the semiconductor device having the device 
structure of FIG. 18, it should be noted that the compar- 
ison of the transistor sub-threshold characteristics be- 
tween the case where a thermal oxide film is used for 
the gate insulation film and the case where the gate in- 
sulation film is formed by the Kr/0 2 microwave-excited 
high-density plasma processing after removing the sur- 
face-terminating hydrogen by the Kr plasma irradiation, 
has revealed the fact that there appears kink or leakage 
in the sub-threshold characteristics when the gate insu- 
lation film is formed by the thermal oxidation, while in 
'the case where the gate insulation film is formed by the 
present invention, excellent sub-threshold characteris- 
tics are obtained. 



[0150] When a mesa-type device isolation structure 
is used, it should be noted that there appears a silicon 
surface having a surface orientation different from that 
of the silicon flat surface part, at the sidewall part of the 

5 mesa device isolation structure. By forming the gate in- 
sulation film by the plasma oxidation using Kr, the oxi- 
dation of the mesa device isolation sidewall is achieved 
generally uniformly similarly to the flat surface part, and 
excellent electric properties and high reliability are ob- 

10 tained. 

[0151] Further, it is possible to produce a metal-sub- 
strate SOI integrated circuit device having excellent 
electric properties and high reliability also in the case of 
using a silicon nitride film formed by Ar/NH 3 according 
15 to the procedure of the second embodiment for the gate 
insulation film. 

[01 52] In this embodiment, too, it is possible to obtain 
good electric properties even in the case where the 
thickness of the silicon nitride film is set to 3 nm (equiv- 
20 alent to the oxide film thickness of 1 .5 nm), and the tran- 
sistor drivability is improved by about twice as compared 
with the case where a silicon oxide film of 3 nm thickness 
is used. 

25 (EIGHTH EMBODIMENT) 

[0153] FIG. 19 shows a conceptual diagram illustrat- 
ing an example of the fabrication apparatus according 
to an eighth embodiment of the present invention intend- 

30 ed to conduct oxidation processing, nitridation process- 
ing, or oxynitridation processing on a polysilicon or 
amorphous silicon layer formed on a large rectangular 
substrate such as a glass substrate or a plastic sub- 
strate on which liquid crystal display devices or organic 

35 electroluminescence devices are formed. 

[0154] Referring to FIG. 19, a vacuum vessel 
(processing chamber) 1807 is evacuated to a low pres- 
sure state and a Kr/0 2 mixed gas is introduced from a 
shower plate 1801 provided in the processing chamber 

40 1807. Further, the processing chamber 1807 is evacu- 
ated by a lead screw pump 1802 such that the pressure 
inside the processing chamber 1807 is set to 133 Pa (1 
Torr). Further, a glass substrate 1803 is placed on a 
stage 1804 having a heating mechanism, and the tem- 

45 perature of the glass substrate is set to 300 °C. 

[01 55] The processing chamber 1 807 is provided with 
a large number of rectangular waveguides 1805 and a 
microwave is introduced into the processing chamber 
1807 from respective slits of the large number of rectan- 

50 gular waveguides 1 805 described above via a dielectric 
plate 1806, and high-density plasma is generated in the 
processing chamber 1807. On this occasion, the shower 
plate 1801 provided in the processing chamber 1807 
functions also as a waveguide for propagating the mi- 

55 crowave emitted by the waveguide in the right and left 
directions in the form of a surface wave. 
[01 56] FIG. 20 shows an example where a polysilicon 
thin film transistor (TFT), used for driving a liquid crystal 
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display device or an organic EL photoemission device 
or for use in a processing circuit, is formed by forming 
the gate oxide film or gate nitride film of the present in- 
vention by using the apparatus of FIG. 19. 
[0157] First, the example of forming and using a sili- 
con oxide film will be explained. 
[01 58] Referring to FIG. 20, 1 901 is a glass substrate, 
1902 is a Si 3 N 4 film, 1903 is a channel layer of a poly- 
silicon n-MOS having a predominantly (111)-oriented 
surface, 1905 and 1906 are respectively a source region 
and a drain region of the polysilicon n-MOS, 1904 is a 
channel layer of a polysilicon p-MOS predominantly ori- 
ented in the (111) surface, and 1907 and 1908 are re- 
spectively a source region and a drain region of the poly- 
silicon p-MOS. Further, 1910 is a gate electrode of the 
polysilicon n-MOS, and 1911 is a gate electrode of the 
polysilicon p-MOS, 1912 is an insulation film of such as 
SiO z , BSG, or BPSG, 1913 and 1914 are respectively 
the source electrode of the polysilicon n-MOS (and si- 
multaneously the drain electrode of the polysilicon 
p-MOS), and 1915 is the source electrode of the poly- 
silicon p-MOS. 

[01 59] It should be noted that a polysilicon film formed 
on an insulation film becomes stable, and is dense and 
well crystallized and thus provides high quality, when 
having the (111) surface orientation in the direction per- 
pendicular to the insulation film. In this embodiment, 
1 909 is a silicon oxide film layer of the present invention 
having the thickness of 0.2 jam and formed by the pro- 
cedure similar to the one in the first embodiment by us- 
ing the apparatus of FIG. 19, and is formed on the (111) 
oriented polysilicon at 400 °C with the thickness of 3 nm. 
[0160] According to the present invention, there oc- 
curred no thinning of oxide film at the sharp corner part 
of the device isolation region formed between the tran- 
sistors, and it was confirmed that the silicon oxide film 
is formed with uniform film thickness on the polysilicon 
in any of the flat part and edge part. The ion implantation 
process for forming the source and drain regions was 
conducted without passing through the gate oxide film, 
and the electrical activation was made at 400 °C. As a 
result, the entire process can be conducted at a temper- 
ature of 400 °C or less, and it was possible to form a 
transistor on a glass substrate. The transistor had the 
mobility of approximately 300 cm 2 /Vsec or more for 
electrons and approximately 1 50 cm 2 A/sec or more for 
holes. Further, a voltage of 12V or more was obtained 
for the source and drain breakdown voltages and for the 
gate breakdown voltage. A high-speed operation ex- 
ceeding 100 MHz became possible in the transistor hav- 
ing the channel length of about 1 .5 - 2.0 nm. The leakage 
characteristics of the silicon oxide film and the interface 
state characteristics of the polysilicon/oxide film were 
good. 

[01 61 ] By using the transistor of this embodiment, the 
liquid crystal display devices or organic EL photoemis- 
sion devices can provide targe display area, low cost, 
high-speed operation, and high reliability. 



[0162] While this embodiment is the one in which the 
gate oxide film or the gate nitride film of the present in- 
vention is applied to a polysilicon, this embodiment is 
applicable also to the gate oxide film or gate nitride film 
5 of an amorphous silicon thin-film transistor (TFT), and 
particularly, a stagge red-type thin-film transistor (TFT), 
which is used in a liquid crystal display device and the 
like. 

10 (NINTH EMBODIMENT) 

[0163] Next, a description will be given of an embod- 
iment of a three-dimensional stacked LSI in which an 
SOI device having a metal layer, a polysilicon device, 
15 and an amorphous silicon device are stacked. 

[0164] FIG. 21 is a conceptual diagram of the cross- 
section structure of the three-dimensional LSI of the 
present invention. 

[0165] Referring to FIG. 21, 2001 is a first SOI and 
20 wiring layer, 2002 is a second SOI and wiring layer, 2003 
is a first polysilicon device and wiring layer, 2004 is a 
second polysilicon device and wiring layer, and 2005 is 
an amorphous semiconductor device, a functional-ma- 
terial device, and a wiring layer. 
25 [0166] In the first SOI and wiring layer 2001 and also 
in the second SOI and wiring layer 2002, there are 
formed digital processing parts, high-precision and 
high-speed analog parts, synchronous DRAM parts, 
power supply parts, interface circuit parts, and the like, 
30 by using the SOI transistors explained in the seventh 
embodiment. 

[0167] In the first polysilicon device and wiring layer 
2003, there are formed parallel digital operation parts, 
inter-functional block repeater parts, memory device 
35 parts, and the like, by using the polysilicon transistors 
or flash memories explained in the sixth and eighth em- 
bodiments. 

[01 68] In the second polysilicon device and wiring lay- 
er 2004, there are formed parallel analog operation 

40 parts such as an amplifier, A/D converter, and the like, 
by using the polysilicon transistor explained in the eighth 
embodiment. Optical sensors, sound sensors, touch 
sensors, radio wave transceiver parts, and the like, are 
formed in the amorphous semiconductor device and 

45 functional-material device and wiring layer 2005. 

[01 69] The signals of the optical sensors, sound sen- 
sors, touch sensors, and radio wave transceiver parts 
that are provided in the amorphous semiconductor de-. 
vice and functional-material device and wiring layer 

so 2005 are processed by the parallel analog operation 
part such as an amplifier or A/D converter provided in 
the second polysilicon device and wiring layer 2004 and 
using the polysilicon transistor, and are forwarded fur- 
ther to the parallel digital operation parts and the mem- 

55 ory device parts provided in the first polysilicon device 
and wiring layer 2003 or the second polysilicon device 
and wiring layer 2004 and using the polysilicon transis- 
tors and flash memory devices. Further, the signals are 
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processed by the digital processing parts, high-preci- 
sion and high-speed analog parts, or the synchronous 
DRAM parts provided in the first SOI and wiring layer 
2001 or second SOI and wiring layer 2002 and using the 
SOI transistors. 

[0170] In addition, the inter-functional block repeater 
part provided in the first polysilicon device and wiring 
layer 2003 does not occupy a large chip area even when 
provided with plural numbers, and it is possible to adjust 
synchronization of signals all over the LSI. 
[0171] It should be noted that production of such a 
three-dimensional LSI has become possible as a result 
of the technology of the present invention explained in 
detail in the above-described embodiments. 
[0172] In the above, the description are given of the 
present invention with respect to the preferred embodi- 
ments. However, the present invention is not limited to 
such specific embodiments, and variations and modifi- 
cations may be made without departing from the scope 
of the present invention. 

INDUSTRIAL APPLICABILITY 

[0173] According to the present invention, it becomes 
possible to completely remove surface-terminating hy- 
drogen even at low temperature of about 400 °C or less 
in continuous processing without breaking vacuum and 
without degrading the planarity of a silicon surface. 
Hence, it is possible to form a silicon oxide film, silicon 
nitride film, and silicon oxynitride film, having character- 
istics and reliability superior to those of a silicon oxide 
film formed by a conventional thermal oxidation process 
or microwave plasma processing, on a silicon of any sur- 
face orientation at low temperature of about 500 °C or 
less. Consequently, it becomes possible to realize a 
miniaturized transistor integrated circuit having high re- 
liability and high performance. 

[0174] Also, according to the present invention, it be- 
comes possible to form a thin and high-quality silicon 
oxide film, silicon nitride film, and silicon oxynitride film 
having good characteristics such as leakage current 
and breakdown voltage even on a silicon surface of a 
corner part of a device isolation sidewall of, for example, 
a shallow-trench isolation or on a silicon surface having 
a surface form with projections and depressions. Con- 
sequently, it becomes possible to achieve high-density 
device integration with a narrowed device isolation width 
and high-density device integration having a three-di- 
mensional structure. 

[0175] In addition, by using the gate insulation film of 
the present invention, it was possible to realize a flash 
memory device and the like capable of significantly in- 
creasing the number of times of rewriting. 
[0176] Further, according to the present invention, it 
becomes possible to form a high-quality silicon gate ox- 
ide film and silicon gate nitride film even on a polysilicon 
formed on an insulation film and having a predominantly 
(111)-oriented surface. As a result, it becomes possible 



to realize a display apparatus that uses a polysilicon 
transistor having high driving ability, and further, a three- 
dimensional integrated circuit device in which a plurality 
of transistors and functional devices are stacked, which 
5 provides great technology spillover effects. 



Claims 

10 1. A semiconductor device comprising a silicon com- 
pound layer formed on a silicon surface, 

wherein said silicon compound layer contains 
at least a predetermined inert gas and has a hydro- 
gen content of 10 1l /cm 2 or less in terms of surface 

15 density. 

2. The semiconductor device as claimed in claim 1, 
wherein the inert gas is at least one kind of argon 
(Ar), krypton (Kr), and xenon (Xe). 

20 

3. A semiconductor memory device comprising, on a 
common substrate, a transistor including a polysil- 
icon film formed on a silicon surface via a first silicon 
compound layer, and a capacitor including a second 

25 silicon compound layer formed on a polysilicon sur- 
face, 

wherein each of said first and second silicon 
compound layers contains at least a predetermined 
inert gas and has a hydrogen content of 10 11 /cm 2 
30 or less in terms of surface density. 

4. A semiconductor device having a polysilicon layer 
or amorphous silicon layer formed on a substrate 
as an active layer, 

35 wherein a silicon compound layer containing 

at least a predetermined inert gas and having a hy- 
drogen content of 10 11 /cm 2 or less in terms of sur- 
face density is formed on a surface of said silicon 
layer, and 

40 said semiconductor device drives a display 

device formed on the substrate. 

5. A fabrication method of a semiconductor device on 
a silicon surface, comprising the steps of: 

45 

exposing said silicon surface to a first plasma 
of a first inert gas so as to remove hydrogen 
existing on at least a part of said silicon surface 
in advance; and 

50 generating a second plasma of a mixed gas of 

a second inert gas and one or a plurality of kinds 
of gaseous molecules, and forming, on said sil- 
icon surface, a silicon compound layer contain- 
ing at least a part of elements constituting the 

55 gaseous molecules under said second plasma. 

6. The fabrication method of a semiconductor device 
as claimed in claim 5, wherein, prior to the hydrogen 
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removing step, the silicon surface is treated by a 
medium including hydrogen. 

7. The fabrication method of a semiconductor device 
as claimed in claim 6, wherein the medium is a hy- 
drogenated water. 

8. The fabrication method of a semiconductor device 
as claimed in claim 6, wherein the medium is a di- 
luted hydrofluoric acid. 

9. The fabrication method of a semiconductor device 
as claimed in claim 5, wherein the silicon surface is 
a single-crystal silicon surface. 

10. The fabrication method of a semiconductor device 
as claimed in claim 9, wherein the silicon surface is 
a (100)-oriented surface. 

11. The fabrication method of a semiconductor device 
as claimed in claim 9, wherein the silicon surface is 
a (1 11 )-oriented surface. 

12. The fabrication method of a semiconductor device 
as claimed in claim 9, wherein the silicon surface 
includes a plurality of different crystal faces. 

13. The fabrication method of a semiconductor device 
as claimed in claim 12, wherein the plurality of dif- 
ferent crystal faces define a device isolation trench. 

14. The fabrication method of a semiconductor device 
as claimed in claim 5, wherein the silicon surface is 
a polysilicon surface. 

1 5. The fabrication method of a semiconductor device 
as claimed in claim 5, wherein the silicon surface is 
an amorphous silicon surface. 

16. The fabrication method of a semiconductor device 
as claimed in claim 5, wherein each of the first and 
second inert gases is at least one kind of gas se- 
lected from a group consisting of an argon (Ar) gas, 
a krypton (Kr) gas, and a xenon (Xe) gas. 

17. The fabrication method of a semiconductor device 
as claimed in claim 16, wherein the first inert gas is 
identical with the second inert gas. 

18. The fabrication method of a semiconductor device 
as claimed in claim 5, wherein the second inert gas 
is a krypton (Kr) gas, the gaseous molecules are 
oxygen (0 2 molecules, and a silicon oxide film is 
formed as the silicon compound layer. 

19. The fabrication method of a semiconductor device 
as claimed in claim 5, wherein the second inert gas 
is an argon (Ar) gas, a krypton (Kr) gas, or a mixed 



gas of argon and krypton, the gaseous molecules 
are ammonia (NH 3 ) molecules or nitrogen (N 2 ) mol- 
ecules and hydrogen (H 2 ) molecules, and a silicon 
nitride film is formed as the silicon compound layer. 

5 

20. The fabrication method of a semiconductor device 
as claimed in claim 5, wherein the second inert gas 
is an argon (Ar) gas, a krypton (Kr) gas, or a mixed 
gas of argon and krypton, the gaseous molecules 

10 are oxygen (02) molecules and ammonia (NH3) 
molecules, or oxygen (02) molecules, nitride (N2) 
molecules, and hydrogen (H2) molecules, and a sil- 
icon oxynitride film is formed as the silicon com- 
pound layer. 

15 

21. The fabrication method of a semiconductor device 
as claimed in claim 5, wherein the first plasma and 
the second plasma are excited by microwave. 

20 22. A fabrication method of a semiconductor memory 
device that includes, on a common substrate, a 
transistor having a polysilicon film formed on a sili- 
con surface via a first insulation film and a capacitor 
including a second insulation film formed on a poly- 

25 silicon surface, comprising the steps of: 

exposing the silicon surface to a first plasma of 
a first inert gas so as to remove hydrogen ex- 
isting on at least a part of the silicon surface in 

30 advance; and 

generating a second plasma of a mixed gas of 
a second inert gas and one or a plurality of kinds 
of gaseous molecules, and forming, on the sil- 
icon surface, a silicon compound layer contain- 

35 jng at least a part of elements constituting the 

gaseous molecules as the first insulation film 
under said second plasma. 

23. The fabrication method of a semiconductor device 
40 as claimed in claim 22, further comprising the steps 
of: 

exposing the polysilicon surface to a third plas- 
ma of a third inert gas so as to remove hydrogen 
45 existing on at least a part of the silicon surface 

in advance; and 

forming a fourth plasma of a mixed gas of a 
fourth inert gas and one or a plurality of kinds 
of gaseous molecules, and forming, on the 
so polysilicon surface, a silicon compound layer 

containing at least a part of elements constitut- 
ing the gaseous molecules as the second insu- 
lation film under said fourth plasma. 

55 24. The fabrication method of a semiconductor device 
as claimed in claim 23, wherein the first and third 
inert gases are at least one kind of gas selected 
from a group consisting of Ar, Kr, and Xe. 
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25. The fabrication method of a semiconductor device 
as claimed in claim 23, wherein the second and 
fourth inert gases are Kr, and the first and second 
insulation films are formed by a silicon oxide film. 

5 

26. The fabrication method of a semiconductor device 
as claimed in claim 23, wherein the second and 
fourth inert gases are Ar or Kr, and the first and sec- 
ond insulation films are formed by a nitride film or 

an oxynitride film. 10 

27. The fabrication method of a semiconductor device 
as claimed in any of claims 22-26, wherein the first 
and second plasmas are excited by microwave. 

15 

28. A fabrication method of a semiconductor device 
having a polysilicon layer or amorphous silicon lay- 
er on a substrate as an active layer, comprising the 
steps of: 

20 

forming, on said substrate, a silicon layer of 
said poly silicon layer or amorphous layer, 
exposing a surface of said silicon layer to a 
plasma of a first inert gas so as to remove hy- 
drogen existing on at least a part of said surface 25 
of said silicon layer; and 
generating a plasma of a mixed gas of a second 
inert gas and one or a plurality of kinds of gas- 
eous molecules, and forming, on said surface 
of said silicon layer, a silicon compound layer 30 
including at least a part of elements constituting 
said gaseous molecules. 

29. The fabrication method of a semiconductor device 

as claimed in claim 28, wherein the first inert gas is 35 
at least one kind of gas selected form a group con- 
sisting of Ar, Kr, and Xe. 

30. The fabrication method of a semiconductor device 
as claimed in claim 28, wherein the second inert gas 
is Kr, and the silicon compound layer is a silicon ox- 
ide film. 

31. The fabrication method of a semiconductor device 

as claimed in claim 28, wherein the second inert gas <5 
is Ar or Kr, and the silicon compound layer is a ni- 
tride film or an oxynitride film. 

32. The fabrication method of a semiconductor device 

as claimed in claim 28, wherein the first and second 50 
plasmas are excited by microwave. 
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